Introduction: Subjective cognitive decline (SCD) is the earliest stage on the continuum toward Alzheimer's disease. This study examined (1) differences in white matter integrity between individuals with SCD and healthy control subjects and (2) how white matter integrity related to memory and executive function. Methods: Diffusion tensor imaging and neuropsychological assessment data were retrieved from the Alzheimer's Disease Neuroimaging Initiative database for 30 individuals with SCD and 44 control subjects.
Introduction
Currently, 5.7 million older adults in the United States are living with Alzheimer's disease (AD), an incurable neurodegenerative disorder that includes primary deficits in memory and other cognitive skills (e.g., executive function). With the aging population, the prevalence of AD is expected to increase dramatically; by 2050, the number of AD cases are expected to double, with a corresponding cost of $1.1 trillion annually for health care, long-term care, and hospice care for individuals with AD and related dementias [1] . A goal of emerging research is to identify those at greatest risk for AD before cognitive symptoms are manifest, using biomarkers and other risk factors [2] .
Most of the current research in this area focuses on individuals with the amnestic variant of mild cognitive impairment (MCI), who are at elevated risk to decline to AD [3] . However, individuals who subjectively report cognitive decline and who have normal performance on objective neuropsychological assessment measures have been recognized as earlier in the continuum toward dementia (i.e., between healthy aging and MCI) [4] [5] [6] . To date, there has been a paucity of research on individuals with subjective cognitive decline (SCD), likely because of varying terminology (e.g., subjective memory complaints, subjective memory impairment, and significant memory concerns) and lack of common classification standards [7] . Recently, increasing attention has been given to SCD as an International Working Group was formed to define a conceptual framework for SCD [8] . Notably, the term SCD reached consensus given that individuals tend to present with concerns regarding memory and/or other forms of cognitive impairment [8] . This renewed focus on SCD has been an important development in AD research given the desire to identify individuals at risk for AD before significant decline on clinical assessment [9] . Emerging research has suggested that objective, physiologically based neuroimaging measures may be able to differentiate individuals with SCD from healthy control subjects [7, 10] .
The ideal method for detecting preclinical biomarkers for AD would be noninvasive, easily repeatable, and widely available, as is magnetic resonance imaging (MRI). Most MRIbased biomarker research has focused on visualizing neuronal loss in specific gray matter structures. To date, hippocampus volumetry is the first-tier imaging biomarker for AD [11] . In line with this, there have been investigations focused on hippocampal volumetry in individuals with SCD. For example, Ryu et al. [12] used voxel-based morphometry to examine differences in gray matter between individuals with SCD and healthy control subjects. They found that Individuals with SCD had lower entorhinal cortical volumes than control participants, but there were no significant differences in hippocampal volume between groups. Interestingly, this group also used diffusion tensor imaging (DTI) and detected microstructural differences in both entorhinal and hippocampal regions between groups, suggesting that DTI may be a more sensitive method. Indeed, it is possible that microstructural changes (as measured by DTI) occur early on in SCD, although these changes have been less investigated.
DTI is a MRI-based acquisition method that measures water diffusion to estimate the integrity of white matter tissue. Specifically, fractional anisotropy (FA) provides an index of the degree of directionality of water diffusion and mean diffusivity (MD) is a measure of the mean rate of water diffusion [13] , such that decreases in FA and increases in MD are considered indicative of demyelination and axonal deterioration, as a result of neurodegeneration [14] [15] [16] .
DTI has previously been used to identify early changes in white matter metrics in individuals with AD (e.g., see Mayo et al. [17] ; for a review, see Amlien and Fjell [18] ) and MCI (e.g., see Liu et al. [19] ). However, to date there have only been a handful of studies published that have compared individuals with SCD relative to control subjects using tract-based spatial statistics (TBSS). One initial study by Wang et al. [20] compared individuals with MCI and SCD to healthy control subjects. The results indicated that DTI metrics fell along a continuum, such that the SCD group was an intermediary to the MCI and control subjects. Selnes et al. [21] took a similar approach to comparing DTI metrics in individuals with SCD to healthy control subjects and found widespread differences in MD in several tracts underlying the posterior cingulate, retrosplenial, and middle temporal cortices. Additional analyses suggested that the degeneration observed in white matter was independent of gray matter atrophy. Selnes et al. [22] then followed up to examine whether baseline DTI metrics predict cognitive decline and medial temporal lobe atrophy in participants with SCD, MCI, and healthy control subjects. They found that baseline MD, but not FAwas different between participants with different cognitive outcomes (including decline) and that both MD and FA at baseline were related to atrophy in the medial temporal lobe. Recently Li et al. [23] examined white matter integrity in individuals with SCD compared with healthy control subjects and found that the SCD group had decreased FA and increased MD in widespread white matter tracts. Furthermore, correlations between DTI parameters and a measure of verbal memory indicated lower FA and higher MD were correlated with poorer cognitive performance. Although this relationship was not explored directly in the TBSS pipeline and the neuropsychological measures included short cognitive screeners and a verbal memory test, it highlights the importance of considering DTI metrics in the context of cognition.
The main objectives of the present study were (1) to investigate microstructural differences in white matter between a group of individuals with SCD and matched healthy control subjects and (2) to extend previous research by investigating how white matter microstructure in these groups relates to indices of memory and executive function, using a whole brain, TBSS approach. It was hypothesized that individuals with SCD would have lower FA and higher MD values than healthy control subjects, particularly in the medial temporal lobes. It was also expected that measures of memory and executive function would show a positive relationship with FA and a negative relationship with MD in both groups.
Methods
Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial MRI, positron emission tomography, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD.
Participants
Full eligibility criteria for the ADNI are described in the procedures manual found on the ADNI website (http://adni.loni.usc.edu/methods/documents/). Individuals with SCD (termed significant memory concerns) and healthy control subjects both had normal memory function on the Logical Memory II subscale (9 for 16 or more years of education; 5 for 8-15 years of education; 3 for 0-7 years of education), a Mini-Mental State Examination (MMSE) score between 24 and 30, a Clinical Dementia Rating score of 0, and an absence of impairment in activities of daily living. Individuals with SCD differed from healthy control subjects in having a significant concern reported by the subject, study partner, or clinician, as confirmed by a Cognitive Change Index score (16) .
Neuroimaging and neuropsychological assessment data were retrieved from the first available (screening) time point. Thirty individuals with SCD (F 5 20, mean age 5 72.9 years, SD 5 4.8) and 44 similarly aged control subjects (F 5 25, mean age 5 72.5 years, SD 5 6.4) were included.
All participants provided informed written consent to participate in the ADNI study (approved by the sites Institutional Review Board). The Human Research Ethics Board at the University of Victoria approved the secondary data analyses for the present study.
Image acquisition
According to ADNI protocol, images were acquired from 3 T MRI scanners (GE Medical Systems). Axial diffusionweighted image data were acquired with a spin echo planar imaging sequence. . Repetition time varied across scanning sites, but was approximately 13,000 milliseconds.
Neuropsychological assessment data
The composite scores for memory (ADNI-MEM) [24] and executive function (ADNI-EF) [25] were retrieved from the ADNI database. ADNI-MEM represents a composite score derived from a single factor model with the Rey Auditory Verbal Learning Test, AD Assessment Schedule-Cognition, Logical Memor,y and MMSE data. ADNI-EF represents a composite score derived using item response theory methods from digit symbol substitution, digit span backwards, trails A and B, category fluency, and clock drawing.
Data analyses
All data analyses were performed in Functional MRI of the Brain Software Library version 5.0 (available at http:// fsl.fmrib.ox.ac.uk/) [26] . Diffusion-weighted images were corrected for eddy current distortions and head movement using Eddy correct tool and nonbrain tissue was removed using Brain Extraction tool [27] . FA and MD maps were created using DTIfit and input into TBSS [28] . All data were nonlinearly aligned to FMRIB58_FA space. Then, the mean FA image was created and thresholded (FA . 0.2) to create the mean FA skeleton. Voxelwise statistical analyses were performed using Randomize with threshold-free cluster enhancement to correct for multiple comparisons (P , .05). Between-group comparisons were made between individuals with SCD and healthy control subjects. Additional statistical models were used to examine the relationship between white matter structures and ADNI-MEM and ADNI-EF scores in each group, controlling for age. White matter regions were identified with Johns Hopkins University's atlases available in Functional MRI of the Brain Software Library [29, 30] .
Results

Participant characteristics
There were no significant differences between the groups in terms of age, sex, education level, or cognitive scores (see Table 1 ).
Microstructural white matter differences between individuals with SCD and healthy control subjects
The between-group FA analyses revealed diffuse reductions in the SCD group relative to the healthy control group in regions including bilateral corticospinal tracts, superior and inferior longitudinal fasciculi, fronto-occipital fasciculi, corpus callosum, forceps major and minor, hippocampi, anterior thalamic radiations, and the cerebellum (Fig. 1 ). There were no regions in which FA was lower in healthy control subjects relative to SCD.
The between-group MD analyses showed diffusely higher MD in the SCD group compared with the control group in regions including bilateral corticospinal tracts, superior and inferior longitudinal fasciculi, superior corona radiata, and corpus callosum (Fig. 2 ). There were no regions identified where healthy control subjects had higher MD than individuals with SCD.
Relationship between microstructural white matter and cognitive performance
Analyses investigating the relationship between FA/MD and ADNI-MEM composite scores did not detect significant relationships in healthy control subjects or individuals with SCD.
No significant relationship between FA and executive function, as measured by the ADNI-EF composite, was detected in the healthy control subjects. In contrast, FA was significantly related to executive function in individuals with SCD. Specifically, the SCD group showed a significant positive relationship between FA and executive function in bilateral corticospinal tracts, superior longitudinal fasciculi, corpus callosum, forceps major and minor, hippocampi, and anterior thalamic radiations (Fig. 3) .
Similar to FA, there was no significant relationship between MD and ADNI-EF composite scores for control subjects, whereas there was a significant negative relationship in diffuse regions for the SCD group. Specifically, significant regions included bilateral corticospinal tracts, superior longitudinal fasciculus, superior corona radiata, cingulate, corpus callosum, anterior thalamic radiations, and right hippocampus (Fig. 4) .
Discussion
The present study represents a key step in characterizing individuals with SCD-an increasingly recognized risk factor for the development of AD. The primary hypothesis was that individuals with SCD would have lower FA and higher MD values than healthy control subjects, bored out, in regions including and beyond the medial temporal lobes. The secondary hypothesis that measures of memory and executive function would show a positive relationship with FA and a negative relationship with MD in both groups was as predicted for executive function in individuals with SCD, but not healthy control subjects. Neither group showed relationships between FA or MD and an index of memory. These results are further discussed in the context of the extant literature subsequently.
Microstructural white matter differences between individuals with SCD and healthy control subjects
The present study revealed lower FA and higher MD scores in the SCD group relative to healthy control subjects in diffuse regions including the bilateral corticospinal tracts, superior and inferior longitudinal fasciculi, fronto-occipital fasciculi, corpus callosum, forceps major and minor, hippocampi, anterior thalamic radiations, and the cerebellum. These findings are quite consistent with a recent study by Li et al. [23] , who also discovered widespread differences in similar regions between individuals with SCD and healthy control subjects. The current findings are also consistent with other previous studies in detecting group differences between those with SCD and healthy control subjects in middle temporal cortices [20] [21] [22] , although the present study detected more widespread differences.
A main objective in detecting differences between those with SCD and healthy control subjects is to characterize possible biomarkers that could be used to identify individuals that may eventually develop AD; an especially important aim, given that both groups perform equally on neuropsychological assessment. The present study demonstrates that there are microstructural differences in individuals with SCD relative to healthy control subjects, which suggests that there has been a breakdown of myelin and/or axons in this group. In this context, DTI appears to offer sensitive metrics as a biomarker, although it is imperative to consider whether white matter degeneration is a result of retrogenesis (primary breakdown of myelin and axons), or anterograde (Wallerian) degeneration (secondary loss of myelin and axons because of gray matter degeneration) [31] . In the present results, we observe quite diffuse differences in FA, but an anterior to posterior gradient of degeneration is suggested based on the MD results, which reveal higher MD in frontal and anterior regions, rather than the temporal lobes. The pattern of progression from late myelinating tracts toward earlier myelinating tracts is in keeping with the retrogenesis hypothesis and suggestive of white matter degeneration as a primary process that is independent of gray matter. These findings are in keeping with work by Jung et al. [32] , who examined individuals with SCD, MCI, and AD and discovered a progressive decrease in FA in bilateral anterior corona radiata, cingulate gyrus, hippocampi, fornix, corpus callosum, and the left uncinate fasciculus; a pattern that they suggested was evidence for the retrogenesis hypothesis as well.
Relationship between microstructural white matter and cognitive performance
Relationships between FA/MD and ADNI-EF composite scores in individuals with SCD were revealed in widespread regions, including the bilateral corticospinal tracts, superior longitudinal fasciculi, corpus callosum, forceps major and minor, hippocampi, and anterior thalamic radiations. Specifically, lower FA and higher MD (indicative of decreased white matter integrity) in these regions were associated with lower executive function scores. There were no significant relationships detected between FA/MD and executive function in the control group or with ADNI-MEM composite scores in either group.
The present study is the first to examine the relationship between cognitive performance and DTI metrics in SCD using TBSS. Before this, only a few studies had examined the relationship between cognition and microstructural white matter characteristics in individuals with SCD, with correlative or predictive approaches. Previous research on SCD has found a relationship between cognitive decline (as measured by the MMSE) and medial temporal lobe atrophy [22] , that poorer verbal memory scores are associated with higher FA and lower MD [23] and that white matter diffusivity predicted memory performance in a combined group of individuals with SCD/MCI and normal cerebral spinal fluid tau levels [33] . In particular, rather than utilizing individual test scores, our findings extend previous work [22, 23] by utilizing two separate composite indices of memory [24] and executive function [25] that comprised well validated neuropsychological assessment measures. These composite scores have addressed several psychometric concerns with the use of the individual constituent tests and have been especially recommended for investigations using neuroimaging [24, 25] . Furthermore, the present study examined the relationships between cognition and white matter microstructure in individuals from a large multisite study in North America, which adds to the generalizability of findings from other global sites, such as Norway [22, 33] and China [23] .
It is noteworthy that although the criteria that separated the individuals with SCD from healthy control subjects were memory complaints (as measured by the first 12 items on the Cognitive Change Index), there were no significant relationships found between memory performance (as measured by the ADNI-MEM composite) and DTI metrics. Interestingly, only the SCD group showed a relationship between DTI metrics and performance on executive function tasks (as indexed by the ADNI-EF composite) in quite congruent regions to where differences in DTI metrics were observed between the SCD and healthy control groups. These results suggest that the microstructural differences in white matter between the groups may relate to executive function.
It is possible that individuals may be able to functionally compensate for structural changes, until frontal degeneration reaches a critical point, and cognitive declines become measurable.
Notably, a recent study by Valech et al. [34] assessed how complaints in SCD may discriminate preclinical AD from healthy aging and found complaints about language and executive function to be key. Other studies have shown cross-sectional differences between individuals with SCD and healthy control subjects in on experimental-cognitive tests of executive function (e.g. [35, 36] ). Unfortunately, although there are items on the Cognitive Change Index that assess complaints about executive function, the items are not included as part of the ADNI protocol, and therefore it is not possible to assess whether the individuals in this study had concerns about their executive functioning or to consider how such concerns may relate to the present findings. These results underscore the importance of broadening the conceptualization of subjective decline from solely memory concerns to cognitive complaints, echoing the recommendations of the SCD International Working Group.
Limitations and future directions
There were several limitations to the present study that may offer directions for future research. The present study examined microstructural differences in white matter between individuals with SCD and healthy control subjects, but did not adjust for macrostructural brain characteristics, such as white matter lesion load or atrophy. Part of the reason that the present study did not incorporate these factors was the strict exclusion criteria used by the ADNI database, which leads to a relatively low white matter hyperintensity lesion burden across participants [37] . However, future work could compare white matter hyperintensity lesion burden and whole brain and temporal lobe atrophy between groups directly, using more broadly defined samples.
Future studies could also further investigate and follow up on the current findings. On the basis of the pattern of results observed here, white matter integrity may decline independently of atrophy in gray matter. Future work could aim to better distinguish between the influences of retrograde and anterograde degeneration. Although it is likely that these degenerative mechanisms occur in some combination, it is imperative to determine which process is primary, given the ultimate objective of determining the earliest biomarker for AD.
Similarly, with this ultimate objective in mind, it is necessary to find ways to distinguish which individuals with SCD are most likely to eventually develop AD. Individuals with SCD currently represent a mixed group-some may remain stable, and others may develop various types of dementia, including AD. In the current article, we report apolipoprotein E (APOE ε) status; however, the composition of genetic markers within the present study limited our ability to examine genetic effects. To better characterize SCD, future studies should more fully evaluate the nature of cognitive concerns, take a longitudinal approach, and also incorporate other biomarkers for AD, such as APOE ε4 genotype.
Another limitation of this study was the small sample size. However, the size of the sample was commensurate, if not larger than many other neuroimaging studies in SCD and in line with the estimated number of participants needed to detect differences in FA and MD [38] . We included the maximum number of participants possible from one of the largest neuroimaging initiatives focused on AD to date. Promisingly, future research addressing these limitations will eventually become possible with the ADNI database as the number of participants and data points for the SCD group increases over time.
Finally, our goal was to extend previous research by investigating the relationship between more specific cognitive domains (i.e., executive function and memory) and white matter microstructure. To this end, we chose to limit our analyses to the most commonly used metrics (FA and MD) as they have been shown to better attain the relationship between cognition and white matter integrity in MCI and AD [14] . Many studies have limited their analyses to these metrics [12, 17, 19, 32] . However, like others [20, 23, 33] , future work of DTI in SCD should utilize other metrics in DTI, such as radial and axial diffusivity, which may provide more specific information regarding demyelination and axonal degeneration, respectively. Future work should aim to investigate other DTI indices in individuals with SCD.
Conclusions
The present findings that individuals with SCD have significantly lower white matter integrity than healthy control subjects indicates that DTI metrics may be a sensitive biomarker for early AD. The present study was also the first to examine the relationship between DTI metrics and indices of cognitive performance, which demonstrated a differential relationship between executive function and microstructural white matter in individuals with SCD compared with healthy control subjects. This study is one of only a few that have focused on microstructural characteristics of white matter in SCD, a group that is thought to be earliest on the continuum toward AD. Given that age is the largest risk factor for AD and the aging population is growing at an exponential rate, globally, it is imperative that more studies focus on characterizing those with SCD to identify individuals who will go on to develop AD before symptom onset so that neuroprotective interventions can be delivered. 
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RESEARCH IN CONTEXT
1. Systematic review: The authors reviewed the literature using publication databases (e.g., PubMed), focusing on samples equivalent to subjective cognitive decline (SCD).
2. Interpretation: Our finding of widespread decreased white matter integrity in individuals with SCD shows potential for diffusion tensor imaging metrics as biomarkers for future cognitive decline. Lower white matter integrity was related to lower executive function in individuals with SCD, which affirms recommendations from SCD International Working Group to include cognitive complaints beyond memory in the definition of SCD.
3. Future directions: Longitudinal approaches should be used to (1) further characterize SCD, (2) determine whether loss of integrity in white matter is primary or secondary to gray matter atrophy, and (3) explore how other biomarkers for Alzheimer's disease (e.g., APOE ε4 genotype) are related to SCD. The Alzheimer's Disease Neuroimaging Initiative database will be an ideal source to investigate SCD as the number of participants and data points increase.
